1. Introduction {#sec1}
===============

The products of macronutrient digestion are absorbed by the intestinal epithelium, through specific nutrient transporters located on the apical side of the enterocyte membrane. The absorption of carbohydrates is mediated by Sodium-Coupled Glucose Transporter -1 (SGLT1), Glucose Transporters -2 (GLUT2) and -5 (GLUT5) \[[@bib1]\], whereas the uptake of peptides is facilitated by Peptide Transporter -1 (PEPT1), which depends on Sodium/Hydrogen Exchanger (NHE) activity, mainly NHE3 \[[@bib2]\]. Additionally, it is known that lipid transport involves fatty acid transporter protein -4 (FATP4) and fatty acid translocase (FAT/CD36), for long chain fatty acid uptake, and that cholesterol endocytosis is mediated by Niemann-Pick C1-like 1 (NPC1L1) \[[@bib3]\].

The regulation of these nutrient transporters in the lumen of the gastrointestinal (GI) tract is poorly understood and could involve nutrients themselves. In fact, our group previously reported that hypo- and hyperthyroid mice fed a high fat diet (HFD), for 16 weeks, exhibited a significant decrease in the expression of GLUT2, PEPT1, FAT/CD36 and NPC1L1, in the small intestine \[[@bib4]\], which, as a consequence, could impair nutrient uptake in these animals.

High fat intake leads to elevated fat levels in the enterocytes \[[@bib5]\], which could modulate the expression of nutrient transporters and possibly interfere with intracellular lipid processing. In support of these potential consequences, previous studies have demonstrated the presence of dyslipidemia in HFD-induced obese mice, as well as in leptin-deficient (Ob/Ob) mice \[[@bib6], [@bib7]\]. Additionally, modulating the expression levels of liver fatty-acid binding protein (L-FABP) and microsomal triglyceride transfer protein (MTTP), which are responsible for the transport of fatty acids from the cytosol to the endoplasmic reticulum and the incorporation of lipids into pre-chylomicrons, respectively, could directly affect the amount of chylomicrons secreted into the lymph, and consequently into the bloodstream \[[@bib8], [@bib9], [@bib10]\]. Furthermore, previous studies showed that the gene expression levels of *Fabp1* and *Mttp* were downregulated in the livers of animals fed an HFD \[[@bib11], [@bib12], [@bib13], [@bib14]\].

However, it is unclear whether the observed alterations in the intestinal nutrient transporter expression are a consequence of the HFD or due to the obesity, itself, since HFD-induced obese and Ob/Ob mice display similar endocrine and metabolic disorders, including the aforementioned dyslipidemia, as well as hypertension and cardiovascular diseases \[[@bib15], [@bib16], [@bib17]\].

With regards to possible molecular mechanisms triggered by an HFD and diminished nutrient transporter expression and/or activity, protein kinases A (PKA) and C (PKC) represent potential targets. For example, previous studies have shown that an HFD can modulate the activity and protein levels of these protein kinases in the hypothalamus, muscle and liver \[[@bib18], [@bib19], [@bib20]\]. Thus, it is plausible that an HFD could regulate the activities of PKA and PKC in the small intestine, thus perturbing enterocyte physiology, by affecting nutrient uptake and lipid processing.

Thus, the present study sought to determine if a correlation exists among the high fat intake, the reduced intestinal nutrient transporter expression and the PKA and PKC activities, as well as, to elucidate the molecular mechanism underlying the HFD-mediated modulation of nutrient uptake and the subsequent impact on enterocyte physiology.

2. Materials and methods {#sec2}
========================

2.1. Animals and treatment {#sec2.1}
--------------------------

All of the procedures performed in this study were approved by Ethical Committee on Animal Use at the University of São Paulo (numbers 106/2014, 134/2015 and 99/2017). Wild-type adult male C57BL/6 mice were obtained from the Animal Facility at the University of São Paulo Faculty of Medicine and received either a standard low fat diet (LFD) or high fat diet (HFD) from the second month of age until the day of their euthanasia, which occurred 3, 6, 9 or 12 weeks after initiating the diet. The rodent chows were purchased from PragSoluções (Brazil). Tables providing all of the ingredients of diets (LFD and HFD) as well as fatty acids composition are exactly as published previously \[[@bib21], [@bib22]\]. In summary, LFD contained 70% carbohydrate, 20% protein and 10% lipid, and the HFD contained 20% carbohydrate, 20% protein and 60% lipid. Adult five-month-old male mice fed the LFD were also injected with H89 (20 mg/Kg) (Sigma-Aldrich, Inc., USA) subcutaneous every 8 h for 24 h \[[@bib23]\].

The genetically obese Ob/Ob mice were obtained from Jackson Laboratories (000632 B6.Cg-Lepob/J, Bar Harbor, ME), and were used to compare the evaluated parameters with the wild-type C57BL/6 mice. These mice were fed commercial chow (NUVILAB CR1, Nuvital Nutrientes LTDA, Brazil) and euthanized at five months of age. All the animals were maintained under a 12 h light/dark cycle (lights on at 6:00 am), in a temperature controlled room (22 ± 2 °C), with a relative humidity of 55 ± 15% and provided with water and chow *ad libitum*.

Mice were euthanized by decapitation under isoflurane inhalation anaesthesia, and the small intestines were removed, inverted and washed with saline to remove luminal content. The epithelium was then isolated from the mucosa, as previously described \[[@bib4]\].

2.2. Western blotting {#sec2.2}
---------------------

The mucosal epithelium was removed, transferred to lysis buffer (150 mM NaCl, 0.5% sodium deoxycholate, 50 mM Tris·HCl, pH 8, 0.1% SDS, 0.1% Nonidet P-40, 2 mM Na~3~VO~4~, 10 mM NaF, 0.2 mM phenylmethylsulfonyl fluoride (PMSF) supplemented with protease inhibitors (Roche Diagnostics)) \[[@bib24]\], homogenized with a motorized tissue grinder (Fisher Scientific, Inc., USA) and frozen at -80 °C until the day of protein processing. After thawing, the homogenate was centrifuged at 17,949 × g for 20 min at 4 °C (Centrifuge 5804R, Eppendorf, Germany) and the supernatant was collected.

The protein concentration of the supernatant was determined using the Bradford assay \[[@bib25]\] and 90 μg of total protein per sample was heated at 37 °C for 30 min, and then subjected to SDS-PAGE. Protein molecular weights were estimated using protein markers (ACTGene, Inc., USA). The proteins were then transferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc., USA), stained with Ponceau S, to assess transfer efficiency, scanned and blocked with 5% skimmed milk at room temperature (RT) for 1 h.

The membranes were incubated with the target protein specific primary antibody at 4 °C, overnight. All primary antibodies were purchased from Santa Cruz Biotechnology, Inc., USA, with the exception of SGLT1, GLUT5, MTTP and CREB antibodies, which were obtained from Merck Millipore, Inc., USA, GeneTex, Inc., USA, LifeSpan BioScience, Inc., USA, and Cell Signaling Technology, Inc., USA, respectively. The membranes were washed and incubated with the appropriate peroxidase-conjugated secondary antibody (Jackson Immunoresearch laboratories, Inc., USA), according to the host species of the primary antibodies, for 75 min at RT.

After washing, the blots were developed and the target proteins were detected by Enhanced Chemiluminescent (ECL). Images of the bands were captured using an Amersham Imager 600 photodocumentation system (GE Healthcare Company, UK) and analyzed with the Image J software (National Institute of Health, USA). The Ponceau S images were used for the normalization of the protein quantity detected on the immunoblots \[[@bib26]\], and are shown in Supplementary data 1.

2.3. Enzyme-linked immunosorbent assay (ELISA) {#sec2.3}
----------------------------------------------

The epithelium isolated from intestinal mucosa was homogenized in the same lysis buffer used for immunoblotting. Total protein content was quantified using the Bradford assay. Twenty μg of total protein was applied to each sample well of the microtiter plate. The procedures were carried out according to the instructions of the manufacturer, and absorbance was detected at 450 nm, with a SpectraMax-M5 absorbance spectrophotometer (Molecular devices, USA). Relative kinase activity rates were calculated according to the instructions of the manufacturer. The data were expressed as PKA or PKC relative activities per 20 μg of total intestinal epithelium protein.

2.4. Real time qPCR {#sec2.4}
-------------------

The intestinal epithelium was lysed, and the total RNA was extracted, according to the Trizol® reagent protocol, and treated with DNase (Ambion RNA by Life Technologies/Invitrogen). Reverse transcription (RT) was carried out using one microgram of total RNA and a random primer (Invitrogen®), using the M-MLV Reverse Transcriptase (Promega®, USA). The RT product was diluted according to the efficiency curve and submitted to real-time quantitative PCR (RT-qPCR) using the Platinum SYBR Green quantitative PCR Super Mix UDG (Invitrogen®).

The specific primer sequences used are provided in [Table 1](#tbl1){ref-type="table"}. PCR reactions were performed in a Corbett RotorGene system (Corbett Life Sciences, Australia) under the following conditions: 40 cycles at 95 °C for 15 s, 60 °C for 15 s, and 72 °C for 30 s and the Melting Curve was performed from 65 °C up to 97 °C for 1 min. The Ct values were recorded for each gene, and normalized using the results obtained with the housekeeping gene *18s*, which was selected using the geNorm software. The results were calculated according to the 2^−ΔΔCT^ method \[[@bib27], [@bib28], [@bib29], [@bib30]\].Table 1RT-qPCR primer sequences.Table 1GeneGene Bank \#Foward sequenceReverse sequence*18s*NR_003278.3GCGAATGGCTCATTAAATCAGTTATGGTTTTGATCTGATAAATGCACG*Cd36*NM_001159558.1GCTAAATGAGACTGGGACCATCACCACTCCAATCCCAAGTAA*Slc15a1*[NM_053079.2](ncbi-n:NM_053079.2){#intref0015}CAAACAGTGGGCTGAGTACAGCTGGGTTGATGTAGGTGTAG*Slc9a3*NM_001081060.1GCAGGAGTACAAGCATCTCTTCCATAGGCAGTTTCCCATTAG*Npc1l1*[NM_207242.2](ncbi-n:NM_207242.2){#intref0020}CCAGATTATAGCCTCCCAGTTCCCGTAGTTCAGCTGTGATGT*Slc2a2*[NM_031197.2](ncbi-n:NM_031197.2){#intref0025}TCTGTCTGTGTCCAGCTTTGCCAACATTGCTTTGATCCTTCC*Slc2a5*[NM_019741.3](ncbi-n:NM_019741.3){#intref0030}GGTTGGAATCTGTGCAGGTATGCCGACAGTGATGAAGAGTT*Slc5a1*[NM_019810.4](ncbi-n:NM_019810.4){#intref0035}AGTGGGCAGCTCTTTGATTACCCAGAAGGCTCCTTGTTCATT*Slc27a4*[NM_011989.4](ncbi-n:NM_011989.4){#intref0040}GTGGTGCACAGCAGGTATTAGTTTCCTGCTGAGTGGTAGAG*L-Fabp*[NM_017399.4](ncbi-n:NM_017399.4){#intref0045}AGGGGGTGTCAGAAATCGTGCCCCCAGGGTGAACTCATTG*Mttp*NM_001163457.2AGACCCCTAAGCTCGTTTTCTTTTGCTTGGGTTCCTTTCACC

2.5. Statistical analysis {#sec2.5}
-------------------------

The data are presented as the mean ± standard deviation (SD) of 1--3 independent experiments, which were submitted either the Student\'s t-test or a two-way ANOVA using the GraphPad Prism 7.04 software. Differences were considered significant at p \< 0.05. A parametric test was applied to data with a normal distribution of probability and homogeneity of variance. A non-parametric test was applied to data that failed to meet these criteria. The statistical tests utilized and the number of animals (N) evaluated are described in the figure legends.

3. Results {#sec3}
==========

3.1. Analysis of nutrient transporter expression in mice fed an HFD {#sec3.1}
-------------------------------------------------------------------

After being fed the HFD for 12 weeks, the protein expression levels of SGLT1, GLUT5, GLUT2, PEPT1, FATP4, FAT-CD36, NPC1L1, NHE3, MTTP and L-FABP in the small intestine of mice were evaluated. As presented in [Fig. 1](#fig1){ref-type="fig"}, the levels of GLUT2 ([Fig. 1](#fig1){ref-type="fig"}, Panel B), PEPT1 ([Fig. 1](#fig1){ref-type="fig"}, Panel D), FAT/CD36 ([Fig. 1](#fig1){ref-type="fig"}, Panel H) and NPC1L1 ([Fig. 1](#fig1){ref-type="fig"}, Panel G) were reduced in mice fed the HFD, when compared to LFD controls. On the contrary, there was observed an increase in NHE3 ([Fig. 1](#fig1){ref-type="fig"}, Panel E), MTTP ([Fig. 1](#fig1){ref-type="fig"}, Panel I) and L-FABP ([Fig. 1](#fig1){ref-type="fig"}, Panel J) expression in the small intestine of the HFD group, when compared to the control mice. The protein expression levels of SGLT1 ([Fig. 1](#fig1){ref-type="fig"}, Panel A), GLUT5 ([Fig. 1](#fig1){ref-type="fig"}, Panel C) and FATP4 ([Fig. 1](#fig1){ref-type="fig"}, Panel F) were not affected by high fat intake.Fig. 1Protein expression in the small intestine of mice fed a HFD. Mice fed an HFD for 12 weeks were euthanized, and the intestinal epithelium was removed, homogenized and processed for detecting the followings proteins: A: SGLT1, B: GLUT2, C: GLUT5, D: PEPT1, E: NHE3, F: FATP4, G: NPC1L1, H: FAT-CD36, I: MTTP and J: L-FABP. Representative blots are displayed at the top of each graph. The number of animals analyzed for each group (N) is also displayed above each bar. Densitometry was used to measure the intensity of each band, and these values, expressed in arbitrary units (A.U.), were normalized by Ponceau-S staining intensity. The results were analyzed using the Student\'s "t" test. NHE3 data (E) was subjected to the non-parametric test, and all of the other proteins were evaluated using the parametric test. The p values of statistically significant results are presented above the bars of the graph; non-significant (NS) data are also indicated. The nitrocellulose membrane was cut at the level of the target proteins using a standard molecular marker as guide. The full area of the selected blots is shown in supplementary data 2.Fig. 1

To determine the level (transcriptionally or translationally) nutrient transporter expression is regulated, lipid transporter mRNAs were analyzed by RTq-PCR, in animals fed an HFD for 12 weeks. There was an observed upregulation in the expression of *Slc27a4* ([Fig. 2](#fig2){ref-type="fig"}, Panel F), *Cd36* ([Fig. 2](#fig2){ref-type="fig"}, Panel H)*, Mttp* ([Fig. 2](#fig2){ref-type="fig"}, Panel I) and *L-Fabp* ([Fig. 2](#fig2){ref-type="fig"}, Panel J), while *Npc1l1* expression was found to be downregulated ([Fig. 2](#fig2){ref-type="fig"}, Panel G), in the intestine of mice fed HFD. These mRNA transcripts encode for lipid transporters FATP4, FAT/CD36, MTTP, L-FABP and NPC1L1, respectively. Additionally, the expression of *Slc5a1* ([Fig. 2](#fig2){ref-type="fig"}, Panel A), *Slc2a2* ([Fig. 2](#fig2){ref-type="fig"}, Panel B), *Slc2a5* ([Fig. 2](#fig2){ref-type="fig"}, Panel C), *Slc15a1* ([Fig. 2](#fig2){ref-type="fig"}, Panel D) and *Slc9a3* ([Fig. 2](#fig2){ref-type="fig"}, Panel E), which correspond to SGLT1, GLUT2, GLUT5, PEPT1 and NHE3, respectively, remained unchanged after 12 weeks of a HFD diet. Thus, the observed HFD-induced changes in NPC1L1, MTTP and L-FAPB protein expression appeared to be transcriptionally regulated.Fig. 2mRNA expression in the small intestine of mice fed a HFD. Mice fed either LFD or HFD were euthanized after 12 weeks. The intestinal epithelium was removed, homogenized and submitted to RT-qPCR. The values obtained for each target gene were normalized with the expression levels of the housekeeping gene 18s and evaluated using Student\'s t test. *Slc5a1* \[SGLT1\], *Slc2a2* \[GLUT2\], *Slc9a3* \[NHE3\] and *Cd36* \[FAT/CD36\] were subjected to a parametric test, while *Slc2a5* \[GLUT5\], *Slc15a1* \[PEPT1\], *Slc27a4* \[FATP4\], *Npc1l1* \[NPC1L1\], *Mttp* \[MTTP\] and *L-Fabp* \[L-FABP\] were subjected to a non-parametric test. "N" represents the number of animals/group. The p values of statistically significant results are presented above the bars of the graph; non-significant (NS) data are also indicated.Fig. 2

3.2. Analysis of nutrient transporter content in Ob/Ob mice {#sec3.2}
-----------------------------------------------------------

A similar analysis of intestinal nutrient transporter expression was also carried out in genetically obese Ob/Ob mice, in an attempt to determine whether the observed alterations in protein content were related to the HFD or obesity, independent of cause. The leptin-deficient obese Ob/Ob mice exhibited a reduction in FAT/CD36 ([Fig. 3](#fig3){ref-type="fig"}, Panel D) and NPC1L1 ([Fig. 3](#fig3){ref-type="fig"}, Panel E) content, as noted in the HFD-induced obese mice. However, unlike the HFD obese animals, the levels of GLUT2 ([Fig. 3](#fig3){ref-type="fig"}, Panel A), PEPT1 ([Fig. 3](#fig3){ref-type="fig"}, Panel B), NHE3 ([Fig. 3](#fig3){ref-type="fig"}, Panel C), MTTP ([Fig. 3](#fig3){ref-type="fig"}, Panel F) and L-FABP ([Fig. 3](#fig3){ref-type="fig"}, Panel G) were not perturbed in the small intestine of Ob/Ob mice, when compared to control mice ([Fig. 3 A-](#fig3){ref-type="fig"}G).Fig. 3Protein and mRNA expression in the small intestine of Ob/Ob mice. Five month old wild-type and Ob/Ob mice were euthanized, and the intestinal epithelium was removed, homogenized and processed for protein and mRNA expression: Panels A to G, as well as P and Q represent protein expression. Representative blots are displayed at the top of each graph. Densitometry was used to measure the intensity of each band, and these values, expressed in arbitrary units (A.U.), were normalized by Ponceau-S staining intensity. Panels H to O represent mRNA quantification as determined by RTq-PRC analyses. The number of animals analyzed for each group (N) is displayed above each bar. The results were analyzed using the Student\'s t-test and a non-parametric test was applied for NHE3 and MTTP protein content and for all the mRNAs evaluated. The remaining proteins were evaluated using a parametric test. The p values of statistically significant results are presented above the bars of the graph; non-significant (NS) data are also indicated. The nitrocellulose membrane was cut at the level of the target proteins using a standard molecular marker as guide. The full area of the selected blots is shown in supplementary data 2.Fig. 3

We also analyzed the expression of nutrient transporter genes in the intestinal epithelium of Ob/Ob mice. This analysis revealed an upregulation in the expression of *Slc2a2* ([Fig. 3](#fig3){ref-type="fig"}, Panel H) and *Slc15a1* ([Fig. 3](#fig3){ref-type="fig"}, Panel I), while *Slc9a3* ([Fig. 3](#fig3){ref-type="fig"}, Panel J), *Cd36* ([Fig. 3](#fig3){ref-type="fig"}, Panel L), *Npc1l1* ([Fig. 3](#fig3){ref-type="fig"}, Panel M), *Mttp* ([Fig. 3](#fig3){ref-type="fig"}, Panel N) and *L-Fabp* ([Fig. 3](#fig3){ref-type="fig"}, Panel O) expression levels remained unchanged, when compared to control LFD fed mice. It is also worth pointing out that there was no correlation between the mRNA expression and the protein levels in Ob/Ob mice.

To rule out the possibility that the type of chow, commercial for the Ob/Ob and LFD for HFD-induced obesity controls, influenced these observed changes in protein expression, wild-type mice were fed the chow commercial, and the protein expression of FAT/CD36 and NPC1L1 were evaluated. The results showed no changes in the levels of FAT/CD36 ([Fig. 3](#fig3){ref-type="fig"}, Panel P) and NPC1L1 ([Fig. 3](#fig3){ref-type="fig"}, Panel Q).

3.3. Analysis of HFD on PKA and PKC activities and CREB content {#sec3.3}
---------------------------------------------------------------

Next the potential involvement of CREB (total and phosphorylated), PKA and PKC were evaluated in mice fed the HFD for 12 weeks. Total and phosphorylated CREB levels ([Fig. 4](#fig4){ref-type="fig"}, Panel A and Panel B) were found to be elevated in the small intestine of HFD-induced obese mice, when compared to the LFD mice. However, when phosphorylated CREB (pCREB) was normalized by total CREB we were unable to detect any difference between the LFD and HFD groups ([Fig. 4](#fig4){ref-type="fig"}, Panel C), which indicated that the elevated pCREB levels in HFD-group was a consequence of augmented total CREB content. On the other hand, the activities of PKA ([Fig. 4](#fig4){ref-type="fig"}, Panel D) and PKC ([Fig. 4](#fig4){ref-type="fig"}, Panel E) were significantly reduced in the small intestine of mice fed HFD, when compared to the LFD controls.Fig. 4CREB protein content and PKA/PKC activities in the small intestine of mice fed a HFD. Mice were euthanized at 12^th^ week after being fed either a LFD or HFD. The intestinal epithelium was removed, homogenized and submitted to immunoblotting against total and phosphorylated CREB (4A and 4B) as well as pCREB/CREB ratio (4C), or used for kinases activities by ELISA (4D and 4E). The number of animals analyzed for each group (N) is displayed above each bar. A representative CREB blots are displayed at the top of each panel. The total and phosphorylated CREB densitometry was normalized by Ponceau-S staining intensity. The p values are presented above the bars of the graphs. The nitrocellulose membrane was cut at the level of the target proteins using a standard molecular marker as guide. The full area of the selected blots is shown in supplementary data 2.Fig. 4

The discrepancy between PKA activity and pCREB protein was further evaluated, under the same experimental conditions, by administering the PKA inhibitor H89 to animals fed an LFD. In this experimental model, PKA inhibition by H89 was confirmed by a significant decrease in pCREB protein levels ([Fig. 5](#fig5){ref-type="fig"}, Panel A). Additionally, the protein content of FAT/CD36 ([Fig. 5](#fig5){ref-type="fig"}, Panel E) and L-FABP ([Fig. 5](#fig5){ref-type="fig"}, Panel H) were also reduced in the small intestine. However, the levels of GLUT2 ([Fig. 5](#fig5){ref-type="fig"}, Panel B), PEPT1 ([Fig. 5](#fig5){ref-type="fig"}, Panel C), NHE3 ([Fig. 5](#fig5){ref-type="fig"}, Panel D), NPC1L1 ([Fig. 5](#fig5){ref-type="fig"}, Panel F) and MTTP ([Fig. 5](#fig5){ref-type="fig"}, Panel G) proteins remained unchanged.Fig. 5Protein expression in the small intestine of mice treated with H89. Mice fed a LFD for 12 weeks were treated with H89 or vehicle (5% DMSO), every 8 h, for 24 h. Mice were then euthanized, and the intestinal epithelium was removed, homogenized and processed for detecting the followings proteins: A: pCREB, B: GLUT2, C: PEPT1, D: NHE3, E: FAT-CD36, F: NPC1L1, G: MTTP and H: L-FABP. Representative blots are displayed at the top of each graph. The number of animals analyzed for each group (N) is also displayed above each bar. Densitometry was used to measure the intensity of each band, and these values, expressed in arbitrary units (A.U.), were normalized by Ponceau-S staining intensity. The results were analyzed using the Student\'s t-test. PEPT1, MTTP and L-FABP were subjected to the non-parametric test, and all the other proteins were evaluated using the parametric test. The p values of statistically significant results are presented above the bars of the graph; non-significant (NS) data are also indicated. The nitrocellulose membrane was cut at the level of the target proteins using a standard molecular marker as guide. The full area of the selected blots is shown in supplementary data 2.Fig. 5

3.4. Temporal analysis of nutrient transporter content in mice fed a HFD {#sec3.4}
------------------------------------------------------------------------

To characterize exactly when the alterations in the intestinal protein content begin becoming perturbed by the HFD, the body weights of HFD and LFD mice were measured and protein expression levels were quantified, from 0-12 weeks. As shown in [Fig. 6](#fig6){ref-type="fig"}, Panel A, the temporal body weight analysis, over 12 weeks, demonstrated that the LFD mice (black line) displayed a significant increase in body weight gain from the 9^th^ up to 12^th^ week of the experimental protocol, while the HFD mice (red line) presented significant increase in body weight from the 6^th^ up to the 12^th^ week.Fig. 6Body weight gain and temporal analysis of nutrient transporter expression in the small intestine of mice fed a LFD or HFD. [A]{.ul}: Body weights of mice fed either LFD or HFD were recorded at 1, 2, 3, 6, 9 and 12 weeks after starting the specific diet. Data are from two independent experiments totaling 9 to 10 mice/group. Mice from both groups were euthanized at the 3^rd^, 6^th^ and 9^th^ week, following diet initiation. The intestinal epithelium was removed, homogenized and processed for detecting the following proteins: [B]{.ul}: GLUT2, [C]{.ul}: PEPT1, D: NHE3, [E]{.ul}: NPC1L1. Representative blots are displayed to the right of the graphs: 1 = 3^rd^ week, 2 = 6^th^ week and 3 = 9^th^ weeks. The number of animals analyzed for each group (N) is also displayed above each bar. Densitometry was used to measure the intensity of each band, and these values, expressed in arbitrary units (A.U.), were normalized by Ponceau-S staining intensity. The p values of statistically significant results are presented above the bars of the graph; non-significant (NS) data are also indicated. The data obtained for body weight,\*p \< 0.05 *vs* 0 week HFD. \#p \< 0.05 *vs* 0 week LFD. The nitrocellulose membrane was cut at the level of the target proteins using a standard molecular marker as guide. The full area of the selected blots is shown in supplementary data 2.Fig. 6

Previously, it was shown that the HFD induces a decrease in the expression of GLUT2, PEPT1 and NPC1L1, which was accompanied by an increase in NHE3 content, after consuming the HFD for 12 weeks. Thus, to better understand when these change occur, the protein content of GLUT2, PEPT1, NHE3 and NPC1L1 were evaluated at 3, 6 and 9 weeks into the HFD experimental protocol. It was found that significant reductions in the content of GLUT2 ([Fig. 6](#fig6){ref-type="fig"}, Panel B), PEPT1 ([Fig. 6](#fig6){ref-type="fig"}, Panel C) and NPC1L1 ([Fig. 6](#fig6){ref-type="fig"}, Panel E) were detected in the 3^rd^ week of the HFD protocol, and remained reduced 6 and 9 weeks after HFD initiation. Furthermore, the levels of NHE3 were found to be increased in the 3^rd^ week of the HFD protocol, and remained elevated 6 and 9 weeks after HFD initiation ([Fig. 6](#fig6){ref-type="fig"}, Panel D).

4. Discussion {#sec4}
=============

The results of the present study demonstrate that the HFD has the potential of modulating the protein expression levels of nutrient transporters in mice, in as little as three weeks. For example, we observed a downregulated GLUT2, PEPT1, FAT/CD36 and NPC1L1 and upregulated NHE3, MTTP and L-FABP protein expression in the small intestines of mice fed an HFD. It is plausible that NPC1L1, MTTP and L-FABP are transcriptionally regulated, while the altered expression patterns of the other proteins appear to be due to impairments in PKA and/or PKC intracellular signaling pathways. Moreover, obesity, itself, cannot account for the observed modulation of transporter expression levels, since this regulation was not observed in Ob/Ob mice fed a standard chow diet. Thus, reinforcing the notion that the high levels of fat induces these changes in the murine GI tract.

Firstly, we evaluated the content of carbohydrates, peptide and lipid transporters in the small intestine of mice fed an HFD, and detected significant decreases in the content of GLUT2, PEPT1, FAT/CD36 and NPC1L1. Furthermore, that was a concomitant increase in NHE3 content that was detected at 3 weeks, and remained elevated throughout the 12-week HFD-induced obesity protocol. This latter result is consistent with what was previously described in hypo- and hyperthyroid mice fed an HFD for 16 weeks \[[@bib4]\]. Additionally, previous work has also shown that mice fed an HFD, for 2 months, also displayed a reduction in GLUT2 and PEPT1 content \[[@bib31]\]. These two studies, along with the present results, indicate that high fat intake can effectively modulate the content of glucose and peptides transporters in the small intestine. As a consequence of the downregulated transporter expression, nutrient uptake would be impaired, resulting in fewer nutrients being absorbed. As mentioned previously, these alterations in protein content were detected in the 3^rd^ week after commencing the HFD, thus indicating that these changes were manifested before the establishment of the obesity phenotype, which occurred after 6 weeks of the HFD. These results led to the hypothesis that decreased nutrient transporter expression may attenuate the progression of obesity, by acting as negative feedback mechanism for body weight maintenance.

With regards to PEPT1, a previous study reported that mice fed an HFD exhibited reduced \[^3^H\] Gly-Sar transport, reflecting low PEPT1 activity \[[@bib32]\]. Indeed, it is plausible that this observed decrease in activity could be the consequence of the diminished PEPT1 content observed in the mice fed an HFD. Additionally, mice lacking intestinal PEPT1 and fed an HFD displayed reduced body weight and body fat stores, as well as increased energy content in feces, which indicated that the absorption of the dietary constituents in the small intestine was limited \[[@bib33]\], and provided support in favor of impaired nutrient uptake in these HFD-induced obese mice.

Additionally, a previous study reported the upregulation of *Mttp* and *L-Fabp* transcripts in the intestines of hamsters fed an HFD \[[@bib34]\], which we also observed in the small intestine of obese mice, and it is likely that this transcriptional regulation affects protein expression levels in the cell. In fact, the results presented herein demonstrated that high fat intake enhanced MTTP protein content in the mouse intestine, and is also in accordance with the findings of Chiu et al., which showed an increase in MTTP protein content in the intestine of rats fed an HFD \[[@bib35]\]. Furthermore, we also demonstrated an enhancement in the levels of L-FABP in the jejunum, which is the part of the small intestine that expresses the highest L-FABP levels, when compared to the duodenum, ileum and colon \[[@bib36]\]. The augmented L-FABP and MTTP protein levels may be a consequence of enhanced gene expression and could also lead to increased chylomicron secretion into the lymphatic vessels. This is due to the fact that following fatty acid absorption, the fatty acids are taken up by endoplasmic reticulum, through the action of L-FABP, re-esterified, and transferred to the nascent chylomicron particles, by MTTP; thus, promoting maturation and increasing the levels of chylomicrons to be secreted \[[@bib8], [@bib9]\]. Moreover, the amount of chylomicrons secreted into the lymph vessels is proportional to the levels in the bloodstream, which could lead to dyslipidemia and the comorbidities associated with it \[[@bib37]\]. Therefore, the high L-FABP and MTTP levels in the small intestine of mice fed HFD could explain, at least in part, the high prevalence of dyslipidemia presented by obese mice and humans. This is further supported by the fact that the absence of MTTP results in low serum triacylglycerol levels \[[@bib38]\].

There is a plethora of studies that have shown that an HFD induces obesity, which, in turn, may trigger several metabolic and cardiovascular disorders. Thus, it was hypothesized that obesity, itself, and not high fat intake, is responsible for the observed alterations in the content of nutrient transporters in the intestines of mice fed an HFD. However, this hypothesis was not entirely supported by the obtained data, since some of these effects were recapitulated in obese Ob/Ob mice, including reduced FAT/CD36 and NPC1L1 protein levels. Therefore, it is plausible that the protein alterations detected in the small intestine of mice fed the HFD were a consequence of high fat content in the digestive tube, ultimately leading to high fat levels in the enterocyte \[[@bib5]\], which could possibly influence enterocyte physiology.

In attempt to elucidate a possible mechanism for the observed changes in nutrient transporter expression in enterocytes, the classical components of PKA- and PKC-mediated intracellular signaling were investigated. The HFD group presented low PKA and PKC activities in the small intestine. Such an effect could perturb enterocyte physiology, since it has been shown that PKC stimulates GLUT2 insertion into the enterocyte plasma membrane of rats \[[@bib39]\] and can also enhance PEPT1 activity \[[@bib40]\]. Thus, suggesting that low PKC activity may be responsible for the reduced GLUT2 and PEPT1 content in mice fed an HFD. However, PEPT1 only possesses PKC phosphorylation sites, and none for PKA. Thus, at least for PEPT1 regulation, the involvement of PKA can be excluded \[[@bib40]\].

On the other hand, it is well-established that the function of NHE3 is negatively regulated by PKA \[[@bib41]\]. This is consistent with the results presented herein, which showed that NHE3 protein levels were increased, and that PKA activity was significantly decreased in the intestine of mice fed an HFD. In fact, this observation could, at least partially, explain the pathophysiology of hypertension induced by obesity. For example, elevated NHE3 content leads to increased sodium absorption and, consequently, the number of osmotic solutes and water in the bloodstream \[[@bib42]\]. Although intestinal NHE3 content of HFD mice remained unchanged 24 h after H89 administration, the link between low PKA activity and NHE3 cannot be discarded, since it has been shown that PKA activation reduces NHE3 activity without altering the NHE3 protein abundance in the plasma membrane \[[@bib43]\].

With regards to lipid metabolism, the expression of NPC1L1 did not appear to be modulated by either PKA or PKC, since the H89 administration did not have any effect on NPC1L1 content. Furthermore, it was reported that PKA and PKC analogues do not affect NPC1L1-dependent cholesterol uptake in a rat hepatoma cell line \[[@bib44]\]. However, there was an observed decrease in the amount of *Npc1l1* mRNA suggesting that the low intestinal NPC1L1 protein levels are due to a downregulation in *Npc1l1* transcription.

In contrast, the H89 administration reduced FAT/CD36 protein content, which mimicked the effect HFD had on FAT/CD36 levels, and indicates that FAT/CD36 is a target of PKA. Therefore, low PKA activity leads to attenuated FAT/CD36 levels, as evidenced in the intestines of mice fed an HFD. With respect to MTTP protein content, which was increased in the HFD group, there were no detectable changes observed following H89 administration, suggesting that PKA does not play a role in the upregulation of MTTP protein expression in the intestine of mice fed an HFD. As shown, L-FABP content was increased in animals fed an HFD, and this effect was not mimicked by H89 administration. In fact, the levels of this protein were decreased in the intestine, and indicate that another factor, probably related to the PKA signaling pathway, is being recruited. Indeed, total and phosphorylated CREB levels were found to be increased in the HFD group, possibly in response to fatty acid activation \[[@bib45], [@bib46]\]. In addition, blocking PKA signaling with H89 reduced the pCREB levels and L-FABP content, which suggests that L-FABP is a gene target of pCREB, acting through a PKA-independent mechanism. Indeed, a preliminary *in silico* analysis identified five binding sites for CREB, 5 kb upstream from the promoter region of the *L-Fabp* gene ([Fig. 7](#fig7){ref-type="fig"}).Fig. 7*In silico* analysis: Computational binding site predictions for CREB, TBP, TATA and CAAT transcription factors on conserved regions located 5 kb upstream of the transcription start site of mouse, chimpanzee and cow *L-Fabp*.Fig. 7

5. Conclusion {#sec5}
=============

In summary, we showed that mice fed an HFD displayed altered enterocyte physiology, resulting from modulated levels of carbohydrate, peptide and lipid transporters. As a consequence, nutrient absorption is expected to be impaired. The results also provide evidence that elevated NHE3 levels in the intestine could impact sodium absorption, thus representing a possible mechanism for hypertension, which is commonly observed in obese animals, as well as humans. Furthermore, the augmented MTTP and L-FABP levels might be related to enhanced chylomicron secretion, thereby providing a plausible explanation for the observed dyslipidemia associated with obesity. Taken together, all of the identified alterations may be the result of decreased PKA/PKC activity and/or increased pCREB levels.
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